A theoretical study on structures, energetics, and spectra of Br-.nCO2 clusters: Towards bridging the gap between micro-domain and macro-domain J. Chem. Phys. 136, 234306 (2012) This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation. Owing to the utility of redox phenomena of silver in many chemical systems, it is important to understand the coordination chemistry of Ag ϩ ion and hence the hydration structure. The lowest-energy conformations of Ag ϩ (H 2 O) 1 -6 are sensitive to the calculation method employed. The coordination number (N c ) of Ag ϩ (H 2 O) n is predicted to be 2 for nϭ2 -6 at the density functional theory level, while the N c for nϭ3 -5 is 3, and that for nϭ6 is 4 at the second-order Møller-Plesset perturbation level. Further accurate analysis based on coupled-cluster singles and doubles theory with perturbative corrections for triple excitations agrees with the MP2 results except that N c of 4 is also as competitive as N c of 3 for nϭ5. To identify the correct N c , it would be useful to facilitate the IR experimental characterization. We thus provide the OH spectra for various possible structures. It is interesting to note that the hydration chemistry of Ag ϩ ion is somewhat different from that of alkali metal ions.
I. INTRODUCTION
There have been a number of hydration studies of cations, [1] [2] [3] [4] [5] anions, [6] [7] [8] [9] and neutral molecules, 10, 11 due to their widespread role in coordination chemistry, electrochemistry, chemical and biological molecular recognition, reaction mechanisms, and nanochemistry. 12, 13 In particular, the hydration phenomena of metal ions are important in understanding the coordination phenomena in inorganic and bio-inorganic molecular systems. Despite profuse data of hydrated cations, 14 -16 there have been very few studies on hydrated heavy metal ions. [17] [18] [19] Spurred by recent observations on the formation of Ag nanostructures in solution together with well-known photo-and electro chemical redox phenomena of silver ion, 20 we then thought it would be interesting to investigate the nature of hydration of the Ag ϩ cation. Silver is one of the 1B transition metal elements having a singly occupied valence s orbital above the fully occupied d orbitals. Thus, they have partially amphi-electronic properties due to relatively low ionization potentials ͑IPs͒ and high electron affinities ͑EAs͒. The Ag ϩ ion has fully occupied d orbitals and empty s and p orbitals, while Ag Ϫ ion has fully occupied d and s orbitals and virtual p orbitals in their electron configurations. The orbital energy differences between occupied and unoccupied orbitals of the ionic states are relatively small with respect to those of alkali metal cations and halide anions. This implies that its hydration properties would be very different from those of Na ϩ or K ϩ ions which have nearly similar ionic radii to the Ag ϩ ion. The ionic radius of Ag ϩ ion is known to be 1.26 Å which is comparable to those ͑0.95 and 1.33 Å͒ of Na ϩ or K ϩ ions. 21 The d-s hybridization on the electronic properties of complexes or clusters would result in interesting hydration properties for the 1B group elements.
Feller and co-workers have reported a beautiful work on hydration structures and binding energies of Ag ϩ (H 2 O) 1 -4 . 17 Recently, Widmer-Cooper and co-workers 18 and Fox et al. 19 investigated the coordination chemistry of silver cations. In particular, Fox et al. reported interesting calculation results that the coordination number of Ag ϩ (H 2 O) n is predicted to be 2 for nϭ2 -4 at the density functional theory ͑DFT͒ level by employing Becke three parameters with Lee-Yang-Parr functionals ͑B3LYP͒. While DFT calculations have shown reasonable vibrational frequencies better than second-order Møller-Plesset ͑MP2͒ ones, the relative energies have been better predicted by MP2 calculations. Therefore, it is expected that the MP2 geometry optimization would be more convincing. Since the coordination numbers predicted at the DFT level are different from those at the MP2 level, 17, 19 it would be of importance to reinvestigate the structures and provide more reliable structures for experimental investigations ͑in particular, for IR spectroscopists who are interested in identifying the H-bond structures in many hydrated cluster systems͒.
In some experimental studies for silver cations solvated by water, ammonia, and ligands, Ag ϩ exhibits the coordination number up to 5. 16 The mono-and diammoniated Ag ϩ ions have larger enthalpy changes than the mono-and dihydrated Ag ϩ ions, while the enthalpy changes of the tri-and tetraammoniated complexes are smaller than those of tri-and tetrahydrated complexes. Thus, interesting hydration aspects appear through di-to tricoordination of Ag ϩ ion. While Feller and co-workers reported hydration of Ag ϩ ion by small water clusters ͑water monomer to water tetramer͒, energy structure of Ag ϩ (H 2 O) 3 , and further we focus on the coordination chemistry including the interaction of Ag ϩ ion with a number of water molecules, especially for penta-and hexahydrated complexes. 1 -6 . These results will be contrasted with hydrated alkali metal ion clusters. 3, 5 B denotes the energies with 50% BSSE correction, while ⌬E e without superscript is the energy without BSSE correction. Chirality correction for the free energy changes was made using ϪRT ln 2; the corrections for low frequencies and imaginary frequencies were made by the translational entropy and the rotational entropy, respectively. The lowest ZPE-corrected internal energies (⌬E 0 ) are given in boldface. The ⌬E 0 , ⌬H r , and ⌬G r for the structures with imaginary frequencies are given in parentheses, because their ZPEs and thermal energy corrections are not reliable. These values are only approximate, and so they may not be directly compared with those of the minimum energy structures. basis set for Ag ϩ was used with the Stuttgart-DresdenBonn ͑SDB͒ pseudopotential, which is represented by a 28e Ϫ relativistic effective core potential 22 ͑ECP28MWB͒. This basis set was efficiently used with a single set of f -type polarization function ( f ϭ1.7) optimized for Ag ϩ (H 2 O) wherein the 6-31ϩG* basis set was used for water. 17, 23 In consideration of slight charge transfer from Ag ϩ to water, the use of diffuse basis set and augmented basis set would be appropriate. To test the validity of B3LYP and MP2 results, we further calculated the predicted lowest-energy structures and the nearly isoenergtic conformers using aug-cc-pVDZ basis sets ͑to be abbreviated as aVDZ, according to Feller and co-workers 17 ͒ for water. Then the single-point CCSD͑T͒/ aVDZ calculations were carried out on the MP2/aVDZ optimized geometries. To aid the discussion of our results, the basis set will be simply denoted as the water basis set. Thus, the above basis sets for Ag ϩ (H 2 O) n will be simply denoted as 6-31ϩG* and aVDZ.
II. CALCULATION METHODS
The experimental IP and EA of Ag are 7.57 and 1.30 eV, respectively. At the B3LYP, MP2, and CCSD͑T͒ levels using the above basis set (ECP28MWBϩ f ), the IPs of the Ag atom are 7.97, 7.17, and 7.18 eV, respectively, and their EAs are 1.38, 0.89, and 1.14 eV, respectively. Thus, the frontier orbitals are slightly overstabilized at the B3LYP level, while they are understabilized at the MP2 and CCSD͑T͒ levels. The basis set superposition error ͑BSSE͒ corrections of binding energies were carried out using the counterpoise method of Boys and Bernardi 24 at each B3LYP or MP2 level. Since full BSSE correction often tends to underestimate binding energies for small and midsize basis sets, the median ͑50%-BSSE-corrected͒ value between the BSSE-uncorrected and BSSE-corrected values 25, 26 is often closer to the experimental value which needs to be determined based on the comparison of the calculational results with the experimental values. To reproduce the realistic experimental binding energies for Ag ϩ (H 2 O) n , we investigated the interaction energies based on the 50%-BSSE-corrected values (⌬E e B ) for the 6-31ϩG* basis set and the BSSE-uncorrected values (⌬E e ) for the aVDZ basis set. Frequency calculations were carried out for all the optimized geometries at both B3LYP and MP2 levels. The relative stability is determined based on the zeropoint-energy ͑ZPE͒ corrected interaction energies (⌬E 0 ). The thermodynamic quantities at room temperature and 1 atm ͑enthalpy change ⌬H r , free energy changes ⌬G r ) are also reported. For the 6-31ϩG* basis set, all the interaction energies are reported with the 50%-BBSE-corrected values ͑to be denoted with superscript ''B''͒, while for the aVDZ basis set, all the interaction energies are reported with the BSSE-uncorrected values, because these values reproduce the experimental values realistically.
Most calculations were carried out by using a GAUSSIAN 98 suite of programs. 27 The plots of molecular orbitals were done using Pohang Sci-Tech Molecular Modeling ͑POSMOL͒ package.
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III. RESULTS AND DISCUSSION
Various structures of hydrated Ag͑I͒ ion ͓Ag ϩ (H 2 O) nϭ1 -6 ͔ are shown in Fig. 1 . Tables I and II list the interaction energies (⌬E e and ⌬E 0 ) and thermodynamic quantities ͑enthalpy change ⌬H r , Gibbs free energy change ⌬G r ) at 298 K and 1 atm for the aqua-silver͑I͒, using B3LYP and MP2 calculations with the 6-31ϩG* and aVDZ basis sets, respectively. The notations n 1 and n 2 in conformer n ϭn 1 ϩn 2 mean the primary coordination number and the number of water molecules in the secondary hydration shell, respectively.
The global minimum energy structures of Ag ϩ (H 2 O) 2 -6 have the coordination number of 2 at the B3LYP level, whereas at the MP2 level the coordination numbers are 3 for nϭ3 -5 and 4 for nϭ6. Therefore, to resolve this inconsistency, we carried out high-level ab initio calculations using CCSD͑T͒/aVDZ. These results are listed in Table III , where the thermal energies used the MP2/aVDZ values because of the close agreement between the CCSD͑T͒ and MP2 results. The CCSD͑T͒ results (⌬H r and ⌬G r ) are in good agreement with the experimental values. 14 The MP2 values are consistent with the CCSD͑T͒ results and experimental values, while the B3LYP results are not, as shown in Fig. 2 .
A. Structures and interaction energies
We here discuss the lowest-energy conformers at low temperatures near 0 K, based on the ZPE-corrected interaction energies. 1, 2 . The structure of Ag ϩ (H 2 O) is already well described by Feller and co-workers. This structure has the dipole orientation of water toward the Ag ϩ with C 2v symmetry as in the alkali-metal-water clusters. 5 Ag ϩ (H 2 O) 2 has two types of configurations: viz., 2ϩ0 (C 2 ) and 1 ϩ1 (C s ). The former is 13.2 kcal/mol more stable than the latter at the CCSD͑T͒ level. The minimum energy conformer of Ag ϩ (H 2 O) 2 is C 2 , in agreement with Feller's result. However, at the MP2/aVDZ level, the 2ϩ0 (C 2 ) conformer ͓with bond angle 176.8°for Є͑OAgO͔͒ is essentially isoenergetic to the D 2d conformer ͑with bond angle 180°). The D 2d conformer is a saddle point on the potential energy surface with two degenerate imaginary frequencies ͑both are 146i cm Ϫ1 at the MP2/aVDZ level͒ along the water-flapping modes. The C 2 conformer is two-dimensionally isoenergetic around the circular ring with the bond angle of 3.2°with respect to the axis. Since the bond angle difference is only 3.2°, the barrier between two C 2 structures (176.8°and 183.2°) opposite to the axis is practically none for this small span of the bond angle. Thus the potential energy surface around the angle 180°is flat. Furthermore, the ZPEcorrected energy of the D 2d conformer ͑excluding the two imaginary frequency modes͒ is lower than that of C 2 conformer. Though the ZPE correction in this case is not reliable, it indicates that the structure would have quantum probabilistic distribution 29 around 180°͑though the angular distribution is very small͒, and the overall average structure can be considered as D 2d structure. On the other hand, B3LYP results show that the C 2 conformer ͓with bond angle 178.5°for Є͑OAgO͔͒ is much more stable than the D 2d conformer at a saddle point.
For the case of 1ϩ1, the local minimum energy structure has C s symmetry at the MP2 level, but C 1 symmetry at the B3LYP level. Thus, MP/6-31ϩG* calculations tend to give more symmetric structures ͑i.e., more flat potential around the symmetry axis͒ compared to the B3LYP calculations. 3, 4 . Calculations of Feller and co-workers show one imaginary frequency for both 3ϩ0(C 1 ) and 3 ϩ0(C 2 ) structures, while the latter was assigned as the lowest-energy structure. 17 In our calculations, we find that a new structure 3ϩ0(C 1 ) has all positive frequencies, showing that it is the global minimum energy structure at the MP2/aVDZ level, in contrast to the saddle point 3ϩ0(C 2 ) structure with two imaginary frequencies (85i and 48i cm Ϫ1 ). The 3ϩ0(C 1 ) conformer is 0.1 kcal/mol lower in ⌬E e than the 3ϩ0(C 2 ) conformer, but the former is 0.2 kcal/mol higher in ⌬E 0 than the latter ͑excluding two imaginary frequency modes͒. This indicates that the structure should have quantum probabilistic distribution between 3 ϩ0(C 1 ) and 3ϩ0(C 2 ), and the overall average structure could be considered as C 2 -like structure. The 3ϩ0(C 2 ) conformer is lower in ⌬E 0 than the 2ϩ1(C 1 ) conformer by 2.1 kcal/mol at the CCSD͑T͒ level and by 1.9 kcal/mol at the MP2/aVDZ level. However, at the B3LYP/aVDZ level, the lowest-energy structure is 2ϩ1(C 1 ), which is 1.7 kcal/mol lower in ⌬E 0 than 3ϩ0(C 1 ). The energy differences between 2ϩ1(C 1 ) and 1ϩ2 conformers are 13.4 kcal/mol at the MP2/6-31ϩG* level and 14.0 kcal/mol at the B3LYP/6-31ϩG* level. It is expected that the coordination number of 3 would be favored in the case of the trihydrated silver cation.
The global minimum energy structure of Ag ϩ (H 2 O) 4 is 3ϩ1(C 1 ) at the MP2 level, as predicted by Feller et al., 17 while it is 2ϩ2(C 2 ) at the B3LYP level, as predicted by Fox et al. 19 At the CCSD͑T͒ level, the 3ϩ1(C 1 ) conformer is 2.4 kcal/mol lower than 2ϩ2(C 2 ) and 0.7 kcal/mol lower than 4ϩ0(C 1 ). It is thus expected that the coordination number 3 would be the most favored in the tetrahydrated silver cation. Ag 5 . In terms of the MP2/6-31G*-predicted ⌬E 0 , 3ϩ2(C 1 ) is the global minimum energy structure, which is 1.0 kcal/mol lower than 3ϩ2(C s ), 1.3 kcal/mol lower than 4ϩ1(C 1 )Ј and 4ϩ1(C 1 )Љ, and 1.6 kcal/mol lower than 2ϩ3(C 1 ). On the other hand, at the B3LYP/6-31ϩG* level, 2ϩ3(C 1 ) is the global minimum energy structure, which is 0.8 kcal/mol lower than 3 ϩ2(C 1 ), 2.3 kcal/mol lower than 3ϩ2(C s ), and 4.1 kcal/mol lower than 4ϩ1(C 1 )Ј. At the MP2/aVDZ level, The lowest energies are underlined for the given n. The superscripts correspond to the number of imaginary frequencies. While the thermal energies of the minimum energy structures are reported, that of the lowest nonminimum energy structure is listed in the case when the minimum energy structure was not located for the given coordination number. In this case, the number of imaginary frequencies is given in superscript.
the global minimum energy structure 3ϩ2(C 1 ) is only 0.3 kcal/mol lower than 4ϩ1(C 1 )Ј, and 2.4 kcal/mol lower than 2ϩ3(C 1 ). At the CCSD͑T͒ level, the 3ϩ2(C 1 ) structure is isoenergetic to 4ϩ1(C 1 )Ј, both of which are 2.7 kcal/mol lower than 2ϩ3(C 1 ). Therefore, both coordination numbers of 3 and 4 are favored. 6 . At the MP2/6-31ϩG* level, the most stable structure is 4ϩ2(C 2 ), which is lower in ⌬E 0 than 4 ϩ2(C 2 )Ј, 3ϩ3(C s ), 2ϩ4(C 2 ), 5ϩ1(C 1 ), and 6ϩ0(C 3 ) by 0.5, 1.7, 2.4, 3.5, and 4.4 kcal/mol, respectively. On the other hand, at the B3LYP/6-31ϩG* level, the lowest-energy structure is 2ϩ4(C 2 )Ј, which is lower in ⌬E 0 than 3 ϩ3(C 1 ), 4ϩ2(C 2 )Ј, 5ϩ1(C s ), and 6ϩ0(C 1 ) by 1.7, 2.6, 8.4 , and 9.6 kcal/mol, respectively. There are many kinds of 3ϩ3 local minimal structures for Ag ϩ (H 2 O) 6 . Especially the energy differences between the high-energy and lowestenergy 3ϩ3 conformers are only 1.7 kcal/mol except 3 ϩ3(C 3 )Ј. At the MP2/aVDZ level, 4ϩ2(C 2 ) is the lowestenergy structure, which is lower in ⌬E 0 than 2ϩ4(C 2 ) and 3ϩ3(C s ) by 4.4 and 3.1 kcal/mol, respectively. At the CCSD͑T͒ level, the latter two values are 5.1 and 3.4 kcal/mol, respectively. Although 4ϩ2(C 2 ) with six hydrogen bonds is 1.2 kcal/mol lower than 4ϩ2(C 2 )Ј with four hydrogen bonds, the latter is the lowest in Gibbs free energy at room temperature, which will be discussed in the next section.
Coordination numbers. Based on the ZPE-corrected interaction energies (⌬E 0 ), the lowest-energy structures for Ag
, and 4ϩ2(C 2 ), with the binding energies (Ϫ⌬E 0 ) of 29.1, 57.2, 73.2, 87.0, 98.7, and 29.1, 28.1, 16.0, 13.8, 11,7, and 13.4 kcal/mol at the CCSD͑T͒ level, for nϭ1 -6. The successive binding energy is very large for both nϭ1 and 2, but suddenly decreases from nу3. Indeed, the compatible stabilization between ion-water and water-water interactions appears from trihydration of silver cation. For an additional water to the dihydrated silver cation, the Ag ϩ -water interaction is compatible with the water-water interaction. However, at the B3LYP level, the latter interaction energy seems to be slightly overestimated than the CCSD͑T͒ and MP2 levels.
B. Thermodynamic quantities
We discussed the low-lying energy conformers of silvercation-water clusters based on the ZPE-corrected interaction energies, i.e., at near 0 K. At room temperature, we compare the predicted enthalpy and free energy with the available experimental data for complexation of the silver cation with water molecules ͑Tables I-IV͒. 14 The experimental enthalpy and free energy changes ͑in Ϫ⌬H r /Ϫ⌬G r ) for nϭ1 -6 of the silver-cation-water clusters are ͑33. 3/24.8, 58.7/43.4, 73. 7/52.0, 88.6/58.1, 102.3/62.8, 115.6/66 .5͒ kcal/mol. Based on the calculated ⌬G r , the lowest-energy conformers for n ϭ1 -6 are 1ϩ0(C 2v ), 2ϩ0(C 2 ), 3ϩ0(C 1 ), 3ϩ1(C 1 ), 3 ϩ2(C 1 ), and 4ϩ2(C 2 )Ј at both CCSD͑T͒/aVDZ and MP2/ aVDZ levels. Thus, the coordination numbers for nϭ1 -6 at room temperature are 1, 2, 3, 3, 3, and 4 , which is consistent with those at near 0 K ͑1, 2, 3, 3, 3/4, 4͒. As the temperature increases, the hydrated clusters with less primary water molecules tend to have more stability due to the entropy effect. However, in these hydrated clusters, such an entropy effect is not so important at room temperature except for the case n ϭ5 in which both coordination numbers of 3 and 4 are equally favored at 0 K, whereas at room temperature the coordination number 3 is much more favored. The CCSD͑T͒/ aVDZ predicted values of (Ϫ⌬H r /Ϫ⌬G r ) for nϭ1 -6 are ͑29.8/23.6, 58.2/44.9, 74.2/54.1, 88.9/58.9, 101.1/63.1, 113.7/68.5͒ kcal/mol, respectively. The deviation of the calculated values of ⌬H r and ⌬G r from the experimental values is shown in Fig. 2 . Though the B3LYP values deviate significantly from the experimental values, the CCSD͑T͒ values show good agreements with experiment. The one exception is the case of Ϫ⌬H r for nϭ1 for which we do not exclude the possibility that the experimental Ϫ⌬H r could have been overestimated. In a while, at the B3LYP level, the coordination number tends to be saturated with the value of 2. For the B3LYP/aVDZ level, both Ϫ⌬H r and Ϫ⌬G r are underestimated for nϭ5 and 6, while for B3LYP/6-31ϩG* level, Ϫ⌬H r is overestimated for nϭ2 -4, but underestimated for nϭ6. Thus, the B3LYP results are not consistent with the experimental values in contrast to the CCSD͑T͒ and MP2 results which are consistent with experiment. Figure 3 shows the orbital interaction diagrams of Ag ϩ (H 2 O) and Na ϩ (H 2 O) at the B3LYP/6-31ϩG* level. Unlikely in Na ϩ (H 2 O), in Ag ϩ (H 2 O) the s-and d-orbital energies of Ag ϩ are close to the lone-pair-electron orbital energies of water ͑as shown in Fig. 4͒ , so that these orbitals can interact with each other. Figure 4 shows the highest occupied molecular orbital ͑HOMO͒ of Ag ϩ (H 2 O), which is contrasted with that of Na ϩ (H 2 O). The valence shells of Ag ϩ (H 2 O) comprise 4d and 5s orbitals of the silver atom and two lone-pair orbitals of water, while those of Na ϩ (H 2 O) comprise 2s and 2p orbitals of the sodium atom and two lone-pair-electron orbitals of water. In the case of Na ϩ (H 2 O), one can easily note that the main interaction originates from electrostatic interaction ͑i.e., charge-dipole interactions with peripheral dipole-oriented water molecules͒ without significant orbital interaction. On the other hand, in the case of Ag ϩ (H 2 O), one can easily note from Fig. 4 that since a partial lone-pair electron density of water migrates to the hybridized orbitals comprised of the empty 5s-orbital and occupied 4d orbitals of Ag ϩ , the induction is also important in the binding energy contribution. This can be evidenced from the reduced charge of Ag ϩ ͑from 1.0 to 0.984 a.u.͒ based on the natural-bond orbital ͑NBO͒ analysis of Ag ϩ (H 2 O), as shown in Table V , which is in contrast to the nearly nonreduced charge of Na ϩ ͑from 1.0 to 0.994 a.u.͒.
C. Hydration chemistry of silver cation
Since this s-d orbital energy gap is important for the hybridization which is responsible for the correlation with the lonepair electrons of water molecules, the underestimated energy gap at the B3LYP level ͓6.5 eV, which is much smaller than 16 eV at the MP2 and CCSD͑T͒ levels using the ECP28MWBϩ f basis͔ could exaggerate the s-orbital contribution. Thus, B3LYP favors the coordination number 2 due to the exaggerated s-d hybridization ͑comprised of two enhanced and two-diminished orbital lobes͒ instead of the coordination number 4 due to the pure d orbital ͑comprised of four orbital lobes͒. 
The geometric parameters of important clusters are shown in Table VI . Although the ionic radius of Ag ϩ is closer to K ϩ than Na ϩ , the distance between a metal cation and an oxygen atom of water in Ag ϩ (H 2 O) is calculated to be similar to that of Na ϩ (H 2 O), 5 and the former binding energy involving the silver d orbitlas is much larger than the latter binding energy involving the sodium p orbitals. As can be seen from Table V, the amount of charge transfer ͑i.e., NBO-charge change of a silver cation in clusters͒ is the maximum at the coordination number of 2. By the same token, the dihydrated silver cation has the smallest cationoxygen distance among Ag ϩ (H 2 O) 1 -6 ͓i.e., the shortest when n 1 ϭ2 among all conformers nϭn 1 ϩn 2 (р6) as shown in Fig. 5͔ . For the same n 1 , the Ag-O distance slightly decreases with increasing n 2 , because of the hydrogen relay effect ͑by one-dimensional polarization effect͒ which builds up the negative charge of water oxygen nearest to Ag ϩ . In the case when the n 2 water molecules do not involve the H-bonding relays, the Ag-O distance does not decrease with increasing n 2 , due to the increased strain on the water molecular structure directly interacting with Ag ϩ ͑e.g., dotted line for n 1 ϭ3 in Fig. 5͒ . It is known that the hydrated Ag ϩ cation has the coordination number of 4, and its experimental Ag ϩ -O distance is 2.38 -2.43 Å. 16 In the dicoordinated case the distance was reported to have 2.04 -2.20 Å. These are in very good agreement with our calculated results.
D. Vibrational frequencies
Theoretical prediction of vibrational frequencies and intensities of the OH stretching modes is very useful for identifying the structures of unknown molecular clusters in experiments. 1, 6, 7, 10, 11, 26 We have previously shown that in small neutral water clusters, the frequency redshifts for H bonds with the water type of daa, da, dda, and aa ͑where d, a, dd, and aa indicate proton donor, proton-acceptor, double donor, and double-acceptor, respectively͒ are roughly around ϳ600, ϳ400, ϳ200, and ϳ100 cm Ϫ1 , respectively. Therefore, such spectral analyses have provided vital tools to identify molecular structures based on the frequency shifts. The MP2 vibrational frequencies of OH stretch mode of solvent waters are often slightly less redshifted in comparison with the B3LYP results. The unscaled MP2 vibrational frequencies of OH stretch modes of monomeric water molecules and the Ag-O stretch modes in silver-cation-water clusters are listed in Table VII with their IR intensities. The IR vibrational spectra for the OH stretch frequency shifts ͑with respect to the average OH stretch frequency of the water monomer͒ for low-energy conformers of Ag ϩ (H 2 O) 1 -6 are shown in Fig. 6 . The IR spectra differentiate different types of hydrogen bonding of water molecules, while similar shifted peaks appear with similar hydration structures. For example, the IR spectra of n 1 ϩ0 conformers show one redshifted peak by ϳ100 cm Ϫ1 as well as one free OH type peak. Here, we define the H type as follows: d: donor type with one acceptor-type neighboring water molecule, dЈ: double-donor type with two acceptor-type neighboring water molecules, d2: two donor-type water molecules sharing one double-acceptor-type neighboring water molecule, and h: donor-acceptor hybrid type. Then, the structures shown in ''d'', ''d2'', ''dЈ'', and ''h'' types are ϳ600, 400, 200, and ϳ350 cm Ϫ1 , respectively. These frequency shifts are also seen for other clusters ͑Table VII͒. The Ag-O stretch frequencies are ϳ350 cm Ϫ1 , which reflect the Ag-water binding strength. For example, the interaction of Ag ϩ with polarization-enhanced water molecules by the H-bond relay effect ͑e.g., 1ϩ1 and 2ϩn 2 ) shows relatively high frequencies ͑more than 400 cm Ϫ1 ).
IV. CONCLUDING REMARKS
Using the B3LYP and MP2 levels of theory, we have investigated the low-energy silver-cation-water clusters, Ag ϩ (H 2 O) nϭ1 -6 . The coordination structures, interaction energies, and spectra have particularly been investigated. At the MP2 level, the coordination number of the hydrated silver cations is 3 for tri-to pentahydrated silver cations and 4 for the hexahydrated system. At the CCSD͑T͒ level, the coordination structures are same as those of the MP2 level, except that for the pentahydrated cluster, both coordination numbers of 3 and 4 are competing. The B3LYP results favor only the coordination number of 2 for di-to hexahydrated silver cations. FIG. 6 . IR spectra of the O-H stretch frequencies for the low-energy conformers of Ag ϩ (H 2 O) nϭ1 -6 . The reference point (0 cm Ϫ1 ) corresponds to the average value of symmetric and asymmetric stretches of H 2 O (3849 Ϯ55 cm Ϫ1 at the B3LYP/aVDZ level and 3871Ϯ67 cm Ϫ1 at the MP2/ aVDZ level͒. MP2/aVDZ spectra are in solid lines and B3LYP/aVDZ spectra in dotted lines.
At near 0 K, based on ZPE-corrected interaction energies (⌬E 0 ) at the CCSD͑T͒/aVDZ level, the globally minimal energy structures for nϭ1 -6 are predicted to be 1 ϩ0(C 2v ), 2ϩ0(C 2 ), 3ϩ0(C 1 ), 3ϩ1(C 1 ), 3ϩ2(C 1 )/4 ϩ1(C 1 ), and 4ϩ2(C 2 ), respectively. At room temperature, based on the free energy changes (⌬G r ) at the CCSD͑T͒/ aVDZ level, the most probable structures for nϭ1 -6 are 1 ϩ0(C 2v ), 2ϩ0(C 2 ), 3ϩ0(C 1 ), 3ϩ1(C 1 ), 3ϩ2(C 1 ), and 4ϩ2(C 2 )Ј. The predicted enthalpy and free energy changes are in good agreement with the experimental enthalpies. Then, the redshifts of the O-H vibrational spectra involved with ''d'', ''d2'', ''dЈ'', and ''h'' types of water are ϳ600, 400, 200, and ϳ350 cm Ϫ1 , respectively. Thus, these shifts should be useful to identify the hydration structures from the IR spectra. 
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